Carbon nanotube (CNT)-based composites have attracted a great deal of interest because of their potential application in catalysts. These composites are frequently prepared by the addition of metals or metal oxides to the outer surface of CNT. However, the surface modification of CNT is generally a challenging task, because their surface is chemically inert. In addition, metal or metal oxide particles on CNT are easily aggregated when these are used as catalysts. Recently, we developed CNT-supported metal nanoparticle catalysts covered with silica layers a few nanometers thick. The catalysts show high catalytic activity in spite of coverage of metal nanoparticles with silica layers. In addition, the silica layers which are wrapped around metal particles prevent the sintering of metal particles as well as the detachment of metal particles under severe reaction conditions. In addition, the CNT-supported metal particles covered with silica can be applied to catalysts for the oxygen reduction reaction at cathode in polymer electrolyte fuel cells (PEFCs). Pt catalysts supported on carbon black which are conventional catalysts in the state of the art PEFCs, are seriously deactivated under PEFC cathode conditions such as high potential, low pH and oxygen atmosphere due to the aggregation of Pt metal and the dissolution and re-deposition of Pt metal. We demonstrated that the silica-coated Pt/CNT is electrochemically active in spite of coverage of Pt metal with silica insulator. In addition, the coverage of Pt metal particles with silica layers inhibits the growth of Pt metal particles in size under cathode conditions in PEFCs. The silica-coated Pt/CNT thus shows high durability for the oxygen reduction reaction. The coverage with silica layers also prevents the dissolution of metals other than Pt under cathode conditions. Therefore, our silica-coating method is promising for the development of highly durable non-Pt metal catalysts for use in PEFC cathodes.
Introduction
Carbon nanotube (CNT) has attracted a great deal of interest since its discovery 1) . CNT is expected to find use in a variety of applications such as chemical sensors or catalysts in chemical reactions due to their remarkable and unique magnetic, electronic and chemical properties. In order to utilize CNT in some applications, it is necessary to modify the surface with another phase to form highly functionalized composites. The composites are frequently prepared by coating the outer surface of CNT with a secondary phase having a high level of functionalization 2) . For example, composites of CNT and metal nanoparticles are used as catalysts. In one such application, CNT-supported Pt metal nanoparticle composite (Pt/CNT) is used as an electrocatalyst in polymer electrolyte fuel cells (PEFCs) 3), 4) . Pt/CNT cathode catalyst is reported to show higher activity for the oxygen reduction reaction in the PEFC than traditional carbon black-supported Pt catalyst, which has been widely used for PEFCs. In addition, Rh and Ru metal nanoparticles supported on CNT show excellent catalytic performance in the selective hydrogenation of α, β-unsaturated aldehydes to unsaturated alcohols, while α, β-unsaturated aldehydes are generally hydrogenated to saturated alcohols over metal catalysts supported on conventional carriers 5), 6) . However, the modification of the surface of CNT is generally a challenging task because the surface is rather inert chemically. Even if the surface of CNT is successfully modified with a secondary phase, the added phase often aggregates easily because it may have only weak interactions with CNT 7) . Thus, in certain instances, it is necessary to inhibit the aggregation of the secondary phase on CNT in order to make practical use of CNTbased composites.
We have studied the coverage of CNT-supported metal nanoparticles with silica layers a few nanometers thick. The silica layers which are wrapped around CNT-supported metal nanoparticles prevent the sintering of metal nanoparticles as well as the detachment of metal nanoparticles during the catalytic reactions under severe conditions. The CNT-supported metal catalysts covered with silica thus show excellent durability. In addition, we applied CNT-supported metal nanoparticles covered with silica to catalysts at cathode in PEFCs. The coverage of metal nanoparticles on CNT with silica inhibits the diffusion of metal species dissolved from metal nanoparticles out of silica layers under PEFC cathode conditions, such as high potential, low pH and oxygen atmosphere. Therefore, the coverage with silica layers improves the durability of CNT-supported metal nanoparticle catalysts under cathode conditions. In the present review article, we demonstrated the improvement in the catalytic performance of CNTsupported metal nanoparticles by coverage with silica layers.
C o v e r a g e o f C N T -s u p p o r t e d M e t a l Nanoparticles with Silica Layers
We covered CNT-supported metal nanoparticles with silica layers by successive hydrolysis of 3-aminopropyltriethoxysilane (APTES) and tetraethoxysilane (TEOS) 8) . In the preparation of silica-coated Pt/CNT (SiO2/Pt/CNT), Pt/CNT was dispersed in mixed solution of ethanol and water and then APTES and/or TEOS were added as silica sources into the solution. Finally, samples thus obtained were treated in H2 at 623 K. Figure 1 shows transmission electron microscope (TEM) images of SiO2/Pt/CNT prepared from TEOS only (a and b), from APTES only (c and d) and from APTES and TEOS (e and f). In all the TEM images in Fig. 1 , Pt metal particles are observed on the surfaces of CNTs and the particle size ranges from 1 to 3 nm. In the TEM images for SiO2/Pt/CNT prepared from only TEOS, CNTs and Pt metal particles are covered with silica layers a few nanometers thick. The amount of silica loading in this sample was estimated to be 31% by thermogravimetric analysis (TG) and inductively coupled plasma atomic emission spectroscopy (ICP-AES). However, the thickness of silica layers is not uniform and exposed CNT surfaces are frequently observed in the TEM images. On the other hand, the presence of silica layers in SiO2/Pt/CNT prepared from APTES only can not be established from the TEM images of this sample, although the silica loading in this sample is 6%. In contrast to the TEM images, energydispersive X-ray fluorescence spectra, measured at the same time as the corresponding TEM images for the SiO2/Pt/CNT prepared from APTES, indicated that a small amount of SiO2 was indeed uniformly distributed on the surface of the sample (result are not shown). Therefore, the hydrolysis of APTES results in the uniform coverage of the Pt/CNT surface with very thin silica layers. In contrast, the use of the successive hydrolysis of APTES followed by TEOS provides SiO2/ Pt/CNT with outer surface that is smoother than that of SiO2/Pt/CNT prepared from TEOS only. As shown in the TEM images (e) and (f), the surface of the SiO2/Pt/ CNT prepared from APTES and TEOS is uniformly covered with silica layers a few nanometers thick and the silica loading is 47%. Pt metal particles in SiO2/ Pt/CNT prepared from successive hydrolysis of APTES and TEOS are not found on the outer surface of the silica layers, but in their bodies. Therefore, the surfaces of Pt metal particles supported on CNT can be uniformly covered with silica layers by the successive hydrolysis of APTES and TEOS. The successive hydrolysis of APTES and TEOS enables the coverage of various kinds of metal nanoparticles supported on CNTs with silica 9) . Figure 2 shows Ru/CNT (a), Rh/CNT (b) and Au/CNT (c) covered with silica layers. In all the TEM images, metal nanoparticles with a few nanometers in diameter are densely deposited on the CNT surfaces and these metal particles and CNTs are uniformly covered with silica layers a few nanometers thick.
SiO2/Pt/CNT was prepared using the hydrolysis of TEOS or APTES, or using the successive hydrolysis of APTES and TEOS. In the hydrolysis of TEOS only, silica precursors should be formed by homogeneous nucleation through the hydrolysis of TEOS, and the small particles of silica precursors are deposited on the outer surfaces of the CNTs to form silica layers. However, the interaction of CNT surfaces with silica precursors formed from TEOS is not so strong that CNT surfaces are not uniformly covered with silica layers. On the other hand, the SiO2/Pt/CNT prepared from APTES only is uniformly covered with very thin silica layers. APTES should be strongly adsorbed on CNT surfaces through the strong interaction of amino groups with graphene in CNT. However, polycondensation of silica precursors formed from APTES does not easily occur due to a strong covalent bond between 3-aminopropyl group and Si atom. Therefore, thick silica layers are not formed on the Pt/CNT surfaces by the hydrolysis of APTES only. In the successive hydrolysis of APTES and TEOS, APTES is densely adsorbed on the outer surface of CNTs to form thin layers of silica precursors. In the subsequent hydrolysis of TEOS on the CNTs which were covered with silica precursors from APTES, silica precursors from TEOS should be formed by heterogeneous nucleation and they are deposited on the CNTs, because the silica precursors from APTES work as nucleation sites of silica precursors from TEOS. The heterogeneous nucleation of silica precursors from TEOS would form layers with a high density on the CNT, compared to the homogeneous nucleation. Therefore, Pt/CNT can be uniformly covered with silica layers a few nanometers thick. Hereafter, CNTsupported metal nanoparticles covered with silica layers, which were prepared by the successive hydrolysis of APTES and TEOS, were used as catalysts for various reactions.
Catalytic Performance of CNT-supported Metal Nanoparticles Covered with Silica Layers
The catalytic performance of metal nanoparticles in the CNT-supported metal nanoparticles covered with silica layers was investigated in order to clarify the effect of silica layers which were wrapped around metal nanoparticles on their catalytic activity. Figure 3 shows the change of methane conversion with reaction temperatures in the methane combustion over Pt/CNT and SiO2/Pt/CNT catalysts 10) . The reactions were performed using a conventional gas-flow system with a fixed catalyst bed. The amount of the catalysts added was such that the Pt content in the reaction apparatus was equivalent in both the reactions. In the reactions over both the catalysts, complete oxidation of methane occurred to form CO2 and H2O. Methane conversion increases with reaction temperatures in the methane combustion over both the catalysts as shown in Fig. 3 . Interestingly, the catalytic activity of SiO2/Pt/CNT is higher than that of Pt/CNT, in spite of the coverage of Pt metal particles in the former catalyst with silica layers. Higher catalytic activity of SiO2/Pt/CNT compared to that of Pt/CNT should be due to a smaller particles size of Pt metal. In addition, high durability to the sintering of Pt metal particles in SiO2/Pt/CNT also results in the high catalytic activity. . Fig. 3 C h a n g e i n t h e M e t h a n e C o nve r s i o n w i t h R e a c t i o n Temperatures in the Methane Combustion over Pt/CNT ( ) and SiO 2 /Pt/CNT ( ) Catalysts shown in Fig. 1 . Pt metal particles with a few nanometers in diameter are supported on the CNT surfaces i n t h e P t / C N T b e f o r e t h e t r e a t m e n t a t 873 K . However, Pt metal particles are aggregated after the treatment of Pt/CNT at 873 K in Ar to form Pt metal particles larger than 10 nm in diameter. In contrast, Pt metal particles in SiO2/Pt/CNT show high durability to the sintering. The size of Pt metal particles in SiO2/Pt/ CNT does not change during the treatment at 873 K and the Pt metal particles and CNTs are covered with silica layers after the treatment at 873 K. These results indicate that the coverage of Pt/CNT with silica layers improves the durability to the sintering of Pt metal particles at high temperatures. In addition, the silica layers which are wrapped around Pt metal particles are stable against the treatment at 873 K. The coverage of CNT-supported metal catalysts with silica layers also prevents the detachment of metal particles from CNT during the catalytic reactions 10) . Figure 5 shows the change of 1-hexene conversion with reaction times in the hydrogenation of 1-hexene over Ru/CNT and SiO2/Ru/CNT at 318 K. The reaction was performed with a conventional batch-type reactor. Catalyst powder in the solution containing 1-hexene was vigorously stirred during the reactions. For the estimation of the durability of these Ru catalysts, the reactions were repeatedly performed using the same catalysts after the recovery of the catalysts by filtration. As shown in Fig. 5 , the catalytic activity of fresh SiO2/Ru/CNT for 1-hexene hydrogenation is inferior to that of fresh Ru/CNT, suggesting that the silica layers which are wrapped around Ru metal work as diffusion barrier for the reactants and/or products. The catalytic activity of SiO2/Ru/CNT does not decrease during the repeated reactions, whereas Ru/CNT is gradually deactivated with the number of the repeated reactions. Figure 6 shows the TEM images of Ru/CNT and SiO2/Ru/CNT before and after the repeated hydrogenation of 1-hexene. Ru metal particles with a diameter range from 1 to 3 nm are densely supported on CNT surfaces in the fresh Ru/CNT as shown in Fig. 6(a) , but many Ru metal particles in the catalyst seems to be detached from CNT surfaces during the repeated reactions as shown in Fig. 6(b) . In contrast, the density of Ru metal particles in SiO2/Ru/CNT does not decrease after the repeated reaction and Ru metal particles in used SiO2/Ru/CNT are covered with silica layers, as shown in Figs. 6(c) and (d) . We thus conclude that the coverage of CNT-supported metal nanoparticles with silica layers prevents the detachment of metal particles as well as the sintering of metal particles under severe reaction conditions.
CNT-supported Metal Particles Covered with Silica Layers as Electrocatalysts
We applied CNT-supported metal nanoparticles cov- . The Pt catalysts at cathode in PEFCs should be operated under severe conditions such as low pH, oxygen atmosphere, high potential and high temperature. Thus, the electrochemically active surface area (ECSA) of Pt metal particles in the cathode catalysts seriously reduces during operation of the PEFCs 14), 15) . Three different mechanisms for the loss of ECSA of Pt metal at cathode in PEFCs are well accepted. First, Pt metal particles migrate on carbon supports and subsequently agglomerate upon their collision 16) . Second, Pt metal particles grow in size through Ostwald ripening, that is, small Pt metal particles dissolve to form cationic Pt species and subsequently these Pt species re-deposit on larger Pt metal particles 17),18) . Finally, unsupported Pt metal particles are formed due to the corrosion of carbon supports 19),20) . These particles are easily agglomerated on the surface of carbons or ionomer. In order to suppress the growth of Pt metal particles in size at cathodes, various additives such as Ni and Co were added into Pt catalysts
21)～24)
. However, most of the additives are also dissolved and diffused into the membrane of the PEFCs, which results in a decreased proton conductivity of the membrane 25) . . Pt metal particles in Pt/SiO2/CNT are stabilized on silica layers a few nanometers thick which are wrapped around CNTs, while Pt metal particles in SiO2/Pt/CNT are contacted with CNT surfaces. All potentials are given relative to reversible hydrogen electrode (RHE). In the CV for Pt/CNT, two peak couples observed correspond to the oxidation-reduction of Pt (0.6-1.2 V) and the adsorption-desorption of hydrogen on Pt metal (0.05-0.4 V). Interestingly, two peak couples similar to those for Pt/CNT are also observed in the CV for SiO2/ Pt/CNT, indicating that Pt metal particles in SiO2/Pt/ CNT are electrochemically active in spite of coverage with silica insulator. In contrast, peaks due to Pt metal c a n n o t b e o b s e r v e d i n C V f o r P t / S i O2/ C N T. Therefore, Pt metal particles should be contacted with CNT for the electrochemical activity of the Pt catalysts. In the electrochemical reaction on SiO2/Pt/CNT catalysts, reactants such as water and protons, and electrons should be supplied to Pt metal surfaces. The reactant molecules are supplied to Pt metal surface through porous silica layers as demonstrated earlier, while electrons transfer to Pt metal in SiO2/Pt/CNT through exposed CNT surfaces. The SiO2/Pt/CNT is thus electrochemically active.
In general, the durability of Pt electrocatalysts is examined by the potential cycling in electrolytes of aque- . Potential cycling experiments were thus performed for SiO2/Pt/CNT and Pt/CNT catalysts in N2-purged 0.5 M H2SO4. The potential was changed repeatedly from 0.05 to 1.20 V at 50 mV・s -1 at 303 K. Figure 8 shows CVs of Pt/CNT (a) and SiO2/ Pt/CNT (b) during potential cycling experiments. In the CVs for Pt/CNT, the currents of the peaks due to the oxidation-reduction of Pt, and of the peaks due to the adsorption-desorption of hydrogen on Pt metal, gradually reduce as the number of potential cycling increases. It should be noted that peak current in the CVs for SiO2/Pt/CNT does not change appreciably over 1000 cycles as shown in Fig. 8(b) , indicating that the coverage with silica layers suppresses the deactivation of Pt/ CNT electrocatalysts during the potential cycling experiment. Based on the results shown in Fig. 8 , ECSAs of Pt/CNT and SiO2/Pt/CNT for each cycle were evaluated. The ECSA for Pt/CNT at the initial stage of potential cycling is evaluated to be 52 m ・g-Pt -1 even after 1300 cycles of the potential cycling. TEM images of the Pt/CNT and SiO2/Pt/CNT after the potential cycling experiments demonstrate the effect of the silica-coating on the durability of Pt catalysts. Figure 9 shows TEM images of Pt/CNT and SiO2/Pt/CNT after 1300 cycles of the potential cycling. Pt metal particles larger than 5 nm in diameter are easily found in the TEM image of used Pt/CNT catalysts, while the size of most Pt metal particles in fresh Pt/CNT ranges from 1 to 3 nm, as shown in Fig. 4(a) . In contrast, the size of Pt metal particles observed in the TEM image of used SiO2/Pt/ CNT is significantly smaller than that in used Pt/CNT and the particle size in the used catalysts is similar to that in the fresh catalysts ( Fig. 1(f) ). The Pt metal particles in used SiO2/Pt/CNT are covered with silica layers. We thus conclude that the coverage of Pt metal particles with silica layers improves the durability of Pt metal under severe cathode conditions. Pt metal particles in SiO2/Pt/CNT are uniformly covered with silica layers, which should inhibit the migration and agglomeration of the particles. Pt metal particles in SiO2/Pt/ CNT should dissolve to form cationic Pt species during potential cycling, because peak couples due to oxidation and reduction of Pt metal are observed in the CVs. However, the dissolved Pt species would diffuse out of silica layers with difficulty and instead be re-deposited on the original Pt metal particles, since the Pt metal particles are covered with silica layers. Therefore, the size of Pt metal particles in SiO2/Pt/CNT does not change appreciably during potential cycling experiments 27), 28) . Pt metal has been used as a catalytically active metal component for the hydrogen oxidation reaction (HOR) at the anode and for the oxygen reduction reaction (ORR) at the cathode in PEFCs, as described earlier.
The sluggish rate of the ORR on Pt compared with the HOR requires that more Pt catalyst should be used at the cathode, which has also impeded the full-scale commercialization of PEFCs, as well as the deactivation of . Recent intensive research effort aimed toward reducing or replacing Pt catalysts in PEFCs has led to the development of new electrocatalysts for the ORR, including Pt-based alloys 31), 32) and N4 transition metal containing macrocyclic compounds such as phthalocyanines 33) . However, the severe conditions at the cathode such as low pH, high potential and an oxygen atmosphere cause a rapid deactivation of these catalysts because of metal dissolution from the catalysts. We believe that our silica-coating technique opens new ways to develop highly durable non-Pt metal catalysts for the ORR at the cathode in PEFCs since the coverage of metals with silica layers inhibits the diffusion of metal species out of catalysts. We thus covered CNT-supported Pd metal particles with silica layers 34) . Pd metal as an electrocatalyst is active for the ORR, but it easily dissolve under PEFC cathode conditions. Fig. 11 . In the CV of the fresh Pd/CNT, two peak couples are observed and are due to the adsorption and desorption of hydrogen on Pd metal at around 0.05-0.3 V and the oxidation and reduction of Pd metal at around 0.6-1.2 V, as shown in Fig. 11(a) . Similar peak couples are observed in the CVs of SiO2/Pd/CNT catalyst, indicating that SiO2/Pd/CNT is electrochemically active despite the coverage of Pd metal with the silica insulator. The peak current in the CVs of Pd/ CNT decreases with the number of potential cycles and finally the peaks disappear completely after 900 cycles.
In contrast, the peak current in the CVs for SiO2/Pd/ CNT increases gradually until 500 cycles of the potential cycling and then remains constant after 500 cycles. Figure 12 shows the TEM images for Pd/CNT and SiO2/Pd/CNT after the potential cycling experiment. Pd metal particles are hardly found in the TEM image of used Pd/CNT, whereas fresh Pd/CNT has Pd metal particles with a few nanometers in diameter as shown in Fig. 10(a) . In contrast, Pd metal particles can be observed in the TEM image of used SiO2/Pd/CNT. The size of Pd metal particles in used SiO2/Pd/CNT is similar to that in the fresh SiO2/Pd/CNT and the Pd metal particles in used catalysts are covered with silica layers. We thus conclude that the silica layers that are wrapped around Pd metal particles in SiO2/Pd/CNT inhibit the diffusion of Pd species dissolved from Pd metal out of the catalyst.
The catalytic activity of Pd/CNT and SiO2/Pd/CNT for the ORR was investigated with the rotating ringdisk electrode in O2-staturated 0.1 M HClO4. During the experiments with the rotating ring-disk electrode, the durability of these Pd catalysts was also investigated by changing the potential of the catalysts between Fig. 13(b) , but the Pd/CNT is seriously deactivated with the number of the potential cycling. This should be due to the dissolution of Pd species from Pd/CNT during the potential cycling. On the other hand, the catalytic activity of fresh SiO2/Pd/ CNT for the ORR is significantly lower than that of fresh Pd/CNT as shown in Fig. 14(b) . However, the activity of SiO2/Pd/CNT for the ORR is gradually improved with the number of the potential cycling and it remains constant after 1500 cycles of the potential cycling between 0.05 and 1.20 V. These results strongly indicate that the coverage of Pd/CNT with silica layers inhibits the decrease in the catalytic activity of Pd metal for the ORR. The catalytic activity of SiO2/Pd/CNT after 1500 cycles of the potential cycling is slightly lower than that of the fresh Pd/CNT, suggesting that the silica layers work as diffusion barriers for oxygen, protons and water molecules. It should be noted that the ring current on SiO2/Pd/CNT, which corresponds to the oxidation of H2O2, is significantly smaller than that on Pd/CNT as shown in Figs. 13(a) and 14(a) . This result indicates that the coverage of Pd/CNT with silica layers results in a four-electron reduction of O2 to H2O instead of a two-electron reduction to H2O2. H2O2 formed at cathode in PEFCs deteriorates the performance of PEFCs because H2O2 oxidizes carbon supports and polymer electrolyte membrane in PEFCs. Therefore, the formation of H2O2 from oxygen at cathode in PEFCs is undesirable. It is likely that H2O2 is formed on Pd metal particles in SiO2/Pd/CNT but it is successively reduced to H2O because H2O2 diffuses out of the silica layers with difficulty.
As described earlier, we demonstrate that the coverage of non-Pt metals with silica layers prevents the diffusion of dissolved metal species out of the catalysts. Therefore, our method is promising for the development of highly durable non-Pt metal catalysts for use in PEFC cathodes. , rotation rate of the electrodes 1600 rpm. 
Summary
Carbon nanotube (CNT)-supported metal nanoparticles (Ru, Rh, Pd, Pt and Au) were covered with silica layers a few nanometers thick by the successive hydrolysis of 3-aminopropyltriethoxysilane and tetraethoxysilane. The metal particles in the silica-coated catalysts show a high catalytic activity in spite of the coverage with silica layers. The silica layers which are wrapped around metal particles prevent the aggregation of metal particles at high temperatures and the detachment of metal particles from CNT during the catalytic reactions. In addition, the CNT-supported metal catalysts covered with silica layers were used as electrocatalysts for the oxygen reduction reaction in PEFC cathode. Silica-coated Pt/CNT shows a high activity for the electrochemical reactions in spite of the coverage of Pt metal particles with silica insulator. The coverage of Pt/CNT with silica layers improves the durability of Pt metal particles under PEFC cathode conditions, while Pt/CNT without silica-coating are seriously deactivated under the same conditions. The silica layers which are wrapped around Pt metal particles prevent the aggregation of Pt metal particles and the dissolution and re-deposition of Pt metal particles. Therefore, the Pd/CNT covered with silica layers, which is non-Pt catalysts for PEFC cathode, also shows a high activity and excellent durability for the oxygen reduction reaction under PEFC cathode conditions.
